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Abstract
Accelerated environmental (hygrothermal) exposure experiments are performed on organic paints coated on commercial die-cast AZ91D Mg
alloys to investigate the effects of contamination on blistering. Specifically, artificial human perspiration spray is used to contaminate the substrate
surface. Blistering occurred only for paints that are spread on surfaces with the perspiration present. More blisters gradually form at longer test
times, and the volume of blistering increases. Scanning electron microscopy indicates that blistering is initiated by contamination and/or substrate
corrosion at the interface of the organic paints and the substrate. Blistering is characterized for two samples exposed to the hygrothermal
environments for various times, and is found to be initially empty in the early stages. Hydrophilic chloride contaminants from the perspiration lead
to in situ adhesion loss. Simultaneously, the paints volume expands, and the associated compressive stress causes it to bulge. After long-term test
exposure, chloride anions corrode the substrate under the films, and MgO, Mg(OH)2, and Mg2(OH)3Cl corrosion products fill the blisters. Finally,
a model of blistering evolution is discussed.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
To conserve energy and reduce emissions, lightweight and
environmentally friendly materials have been increasingly used
in many industries, such as automotive, aeronautical/aerospace,
and 3C (computer, communication, consumer) electronics [1].
Mg alloys have been the materials of choice, because of their
low density and their good heat dissipation, damping, electro-
magnetic shielding, and recycling potential [2]. However, poor
corrosion resistance, especially in physiological environments,
precludes large-scale applications [3]. Consequently, various
surface treatments [4,5] have been developed to improve cor-
rosion resistance, such as chemical conversion [6], micro-arc
oxidation [7], laser surface treatments [8], cold spray Al coat-
ings [9,10], and organic coatings [11]. The easiest method of
protecting AZ91D Mg alloy from the environment is to coat
them with an organic barrier paint [12]. At present, because of
the low cost, versatility, and aesthetic attributes, organic paints
have been widely used for corrosion protection [2,13]. Never-
theless, adhesion of organic paints to metal substrates is critical
[14,15], and paint chemists have been improving the durability
by optimizing formulations, surface preparation, and applica-
tion conditions.
Generally, a combination of Mg-alloy substrates, pretreat-
ment coatings (obtained, for example, via chemical conversion
coating or micro-arc oxidation), and complex organic paints are
used in 3C industries for corrosion protection and decoration
[2,3]. Most organic paints are under stress arising from all or
some of the following factors: internal stress film during for-
mation, thermal stress from temperature variations, and hygro-
scopic stress from changes in the relative humidity [16].
Furthermore, paints may debase because of stress, substrate
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corrosion and contamination, and cathodic de-bonding. Once
blistering occurs, the in situ adhesion between the coating and
the substrate ruptures, inducing peeling failure and decreased
protection. Therefore, degradation research of protective paints
is of great importance. Especially, for the community of Mg
alloys, the motivation of this degradation research of protective
paints is significant.
Even though many manufacturers have strict procedures to
avoid contamination, there have been few reports on its harmful
effects on Mg alloys. Most reports have been focused on the
detrimental effects on the performance and corrosion stability
of organic coatings from water-soluble components at the
metal/paint interface. Several specifications and standards for
industrial applications have been developed [17]. However, they
are conducted in the laboratory and focus only on steel and/or
aluminum alloy samples [14,15].
Here, artificial human perspiration is used to intentionally
contaminate commercial, die-cast Mg alloy substrates prior to
surface treatment. The main objective, therefore, is to assess the
effects of the perspiration on blistering of organic coatings
subjected to accelerated environmental tests.
2. Experimental procedures
2.1. Specimen preparation
AZ91D components are die cast using a cold-chamber appa-
ratus with a 6500 kN locking force. The die temperature is
maintained at 220 ± 10 °C, while the molten metal temperature
is 650 ± 20 °C. The casting steps include lubricant spraying, die
closing, injection, die opening, ejection, and extraction. The
chemical compositions of the alloys are given in Table 1, and
the average wall thickness of the components is about 1 mm.
The components are then subjected to chemical conversion
pretreatment to increase corrosion resistance and improve
paints adhesion. The treatment is a Mn-based phosphating
process, involving degreasing (60 ± 10 °C, 7 ± 2 min), acid
activation (70 ± 10 °C, 15 ± 2 s), surface adjustment
(80 ± 10 °C, 8 ± 1 min), chemical conversion (40 ± 10 °C,
15 ± 2 s), and oven drying. As suggested by the coating manu-
facturer, a three-layer organic paints system is applied on the
pretreated components. An industrial powder polyester primer,
providing optimal adhesion and containing leachable anticor-
rosive pigments [18], is first deposited by electrostatic spraying.
Matched color paint and topcoat are then applied and bake at
150 °C for 30 min. The total thickness of the organic paints is
approximately 80 µm.
The Mg component substrates are treated with an artificial
human perspiration solution spray during the various surface
treatment processes to examine the effects of contamination on
blistering of the organic paints. As shown in Fig. 1, the perspi-
ration is unevenly sprayed on the substrate surface with a hand-
pumped atomizer. Both the horizontal distance and the vertical
height between the nozzle and the specimen are 1 m.
Each paint system is tested twice, and the preparation of
each substrate is detailed in Table 2. The three intentional
contamination procedures are performed during various stages
of the surface treatment. Based on ASTM (American Society
for Testing and Materials) D 2322 [19], the composition of the
artificial human perspiration solution is shown in Table 3.
Alcohol is added to facilitate evaporation of the solvent and to
avoid early corrosion of the underlying Mg alloy. Control
samples (system #4) without surface contamination are used as
a reference.
Table 1
Chemical composition of the AZ91D Mg alloy (mass %).
Al Fe Cu Ni Mn Si Zn Mg
Specimen 9.21 0.0013 0.0018 0.0006 0.19 0.045 0.60 Remain
Spec. 8.3–9.7 0.005max 0.030max 0.002max 0.15–0.50 0.10max 0.35–1.0 Remain
Fig. 1. Application of artificial human perspiration to substrate surfaces.
Table 2
Details of specimen preparation.
System Die casting Degreasing Artificial perspiration Chemical conversion Artificial perspiration Painting Artificial perspiration
#1 ● ● ● ● ●
#2 ● ● ● ● ●
#3 ● ● ● ● ●
#4 ● ● ● ●
“●” meaning performance of this process.
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2.2. Accelerated environmental test
The samples are subjected to an accelerated environmental
test for 30 days in a constant temperature (80 °C) and humidity
(75%) chamber, and are checked every 8 h. The time of blister
formation is recorded, and a mark is made at the blister location.
2.3. Characterization
Samples with blisters and/or other defects are examined with
a stereomicroscope (Zeiss Stemi 2000-C). Surface and cross-
section morphologies are imaged with scanning electron
microscopy (SEM, JEOL JSM-6390), coupled with energy-
dispersive X-ray spectrometry (EDS, Oxford 7582). The accel-
eration voltage is 15 kV. Cross-sections of samples with blisters
are prepared metallographically. Corrosion products under blis-
ters are characterized with Fourier-transform infrared spectros-
copy (FTIR, Nicolet Magna-IR 560), and an Inspect IRTM
FTIR microanalysis and video-imaging accessory. All FTIR
spectra are obtained by adding 64 interferograms at a resolution
of 8 cm−1 over the range of 400–4000 cm−1. To characterize the
in situ evolution of blistering, optical profiles of paint surfaces
are acquired (Bruker Contour GT-K0). Stress in the organic
layers of systems #2 and #4 is detected with X-ray diffraction
during different stages of the environmental tests. The data
were obtained by multiple replicates to ensure repeatability.
3. Results
3.1. SEM images of conversion-coated and painted
components
Microstructures of conversion-coated components are
shown in Fig. 2. The surface morphology of the conversion
coating (Fig. 2a) and the cross-section of a die-cast AZ91D Mg
alloy substrate (Fig. 2b) indicate that the conversion coating
follows the microstructure of the substrate. In Fig. 2a, the
bi-phase microstructure consists of dark primary α-Mg and
bright β-Mg17Al12. One difference between the conversion
coating and the substrate microstructure is the presence of
micro-cracks on the coating, formed by water evaporation
during baking. They create many anchor points for paint adhe-
sion. The thickness of the conversion coating is about 1.2 µm,
as shown in Fig. 2b.
Microstructures of a painted sample are shown in Fig. 3,
which reveals a fine granular structure (Fig. 3a). The fine pellets
are fillers in the top coating. Cross-sections of painted samples
(Fig. 3b) reveal the characteristics of the substrate, the conver-
sion coating, and the organic coating. The fine pellets are also
Table 3
Composition of artificial human perspiration solution.
Component Structure Concentration (g l−1)
Disodium hydrogen phosphate Na2HPO4.12H2O 5
Sodium chloride NaCl 5
Glucose (anhydrous) C6H12O6 3
Lactic acid (85 wt%) CH3CHOHCO2H 2
Acetic acid CH3COOH (*)
* The final pH of the solution was adjusted to 4.8 by the acetic acid
component.
Fig. 2. Microstructures of the conversion-coated sample: (a) conversion coating, (b) cross-section.
Fig. 3. Microstructures of painted samples: (a) surface morphology, (b) cross-section.
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evident in the cross-section. There is a compact and continuous
78 µm thick organic coating on the sample and good adhesion
between the various coatings.
3.2. Visual inspections during accelerated environmental test
During the 720-h accelerated environmental tests, blistering
is not observed in systems #1 and #3. This indicates that con-
tamination before conversion treatment (system #1), or con-
tamination after painting (system #3), does not degrade the
organic coating. Thus, both systems are stable in a high-
temperature and high-relative-humidity environment. The prob-
able cause is that the contamination (sprayed before conversion
treatment) is effectively removed during the pretreatment of
conversion treatment in system #1, the contamination (sprayed
after painting) in system #3 cannot readily migrate to the
coating/substrate interface. The same results are obtained for
the reference (system #4); i.e., no blistering is formed before
the completion of the test. The wave-like wrinkles on the
organic coating after 672 h (Fig. 4a) are primarily attributed to
stress relief.
In contrast, blistering appears on system #2 shortly after
exposure to the high-temperature and high-relative-humidity
environment. In Fig. 4b, blisters found after only 32 h of testing
are designated as II-A. At longer exposure times, more blisters
formed, and, on completion of the test, every sample of system
#2 is blistered (see Fig. 4c and d). To investigate the effect of
exposure time, blisters found after the 40th hour are detected
and designated as II-B blisters. These are exposed to at least
680 h (subtracting 40 h from 720 h) of high temperature and
high relative humidity.
3.3. In situ observation of blistering evolution
Fig. 5a–e depicts the in situ evolution of blistering during
accelerated environmental testing after 32 h, 184 h, 360 h,
544 h, and 720 h. The sequence of images, recorded during
exposure to the high-temperature and high-relative-humidity
environment, reveals the development of a blister that becomes
more prominent with time. At the early stage of formation
(Fig. 5a), the diameter is about 0.2 mm; on completion of the
test, the diameter has expanded to 1.2 mm. The surface topog-
raphy of the blister at the various times is shown in Fig. 5f–j. An
increase in height follows the increase in diameter.
In Fig. 6 are surface profiles of a blister exposed to the
high-temperature and high-relative-humidity environment for
32 h, 184 h, 360 h, 544 h, and 720 h. The volume of the blister
also increases with exposure time. The growth rate accelerates
from 32 h to 360 h, while it decelerates from 360 h to 720 h.
Additionally, a micro-hole appears at the top of this blister after
544 h (Fig. 7). After the micro-hole forms in the organic paints,
water and/or steam are able to penetrate to the substrate.
3.4. Characteristics of blistering
Blistering on pretreated components at two exposure times
are systemically investigated using the data from the acceler-
ated environmental tests.
Fig. 4. Photographs of components during accelerated testing: (a) example of wrinkles that occurred on systems #3 after 672 h. (b) Blistering on a system #2 after
32 h of testing, [(c) and (d)] a system #2 is extensively blistered after test completion.
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Fig. 5. Optical profiles of a blister at various times during environmental testing: (a) 32 h, (b) 184 h, (c) 360 h, (d) 544 h, (e) 720 h. Surface topography of the same
blister at (f) 32 h, (g) 184 h, (h) 360 h, (i) 544 h, (j) 720 h.
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3.4.1. Characteristics of blistering II-A
SEM images in Fig. 8 reveal the initial stage of II-A blister-
ing. One of the II-A blisters is carefully peeled back for surface
observation. The blister grows at the organic paints/substrate
interface, and a discolored circle has formed under it (Fig. 8a).
A foreign lamellar heterogeneity, marked by three black arrows,
is observed on the intact chemical conversion coating. The
chemical composition of the heterogeneity is found by EDS to
contain high concentrations of chlorine and sodium (Table 4).
Thus, it is possibly salt crystals from the perspiration contami-
nation. The composition of the conversion coating near the
heterogeneity is also analyzed by EDS. In addition to the
expected coating components [2], traces of Na and Cl are
observed. Fig. 8b is a cross-sectional image of another blister
that has a height of ~63 µm and a diameter of about 0.6 mm.
The blister is empty; i.e., no corrosion product is found under
the blister.
3.4.2. Characteristics of blistering II-B
As shown in Fig. 9, when one of the II-B blisters is peeled
off, the appearance underneath is different from that found
under other blisters. Fig. 9a and b shows typical corrosion
Fig. 6. Surface profiles for a blister at various testing stages: 32 h, 184 h, 360 h, 544 h, and 720 h.
Fig. 7. Micro-hole found at the top of a blister after 544 h of testing. (a) Surface morphology, (b) three-dimensional optical profile.
Fig. 8. Characteristics of blistering formed in the initial stage. (a) Surface morphology under the blister. Some foreign lamellar heterogeneities (arrows) are found
on top of the intact conversion coating. (b) Cross-section of a #1 type blister. No corrosion product is found under this blister.
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morphologies under the blister at different SEM magnifica-
tions. A cluster of corrosion products is marked by blue arrows
in Fig. 9a. Needle-like corrosion products can be seen at a
higher magnification (Fig. 9b). Cross-sectional SEM images of
another II-B blister are shown in Fig. 9c, where Mg-alloy cor-
rosion is evident. At its deepest, the corrosion penetrates
52.2 µm into the substrate, and many cracks in the corrosion
film are observed. The main elements in the corrosion product
are O and Mg, along with Al, Na, and Cl (Fig. 9d).
The corrosion product is also analyzed by FTIR, as shown
in Fig. 10. The broad band at 3455 cm−1 is attributed to O—H
stretching, while the band at 1083 cm−1 is attributed to
Mg—O stretching. MgO, Mg(OH)2, and Mg2(OH)3Cl are
products in the corrosion zone. Thus, these results are in
agreement with the EDS data. The FTIR spectrum compares
favorably with one previously reported for the corrosion of
AZ91D in NaCl solution, with the same primary corrosion
product [18].
3.5. Adhesion of organic layer
Organic layers painted onto pretreated Mg alloys have been
widely used in industrial applications [2,13], and adhesion is
one of the most important properties [14]. Adhesive failure can
occur through degradation of the binder, or from the stresses
and strains developed during transport, applications, curing,
and prolonged exposure to the environment.
Here, adhesion between the coating and substrate is moni-
tored to investigate the effects of contamination according to
ASTM D 870 [20]. As shown in Fig. 11, adhesion is different
for system #2 samples that are exposed to the hygrothermal
environment for various times. Initially, no de-lamination is
observed. After 32 h, 50–60% of the area is de-laminated.
Eventually, after 720 h, the paints completely detached.
4. Discussion
4.1. Initiation of blistering
Blister initiation is associated with interface contamination.
As shown in Fig. 8, the lamellar heterogeneity under the coating
has higher concentrations of chlorine and sodium (Table 4).
This demonstrates that intentional contamination with the per-
spiration solution induced blistering. If the organic coating/
substrate interface has hydrophilic contamination, the amount
of water at the interface will significantly increase because of
osmotic driving forces. Moreover, both liquid water and water
vapor can penetrate organic coatings rapidly. Thus, they cannot
prevent water from reaching the interface [16,21]. In the pres-
ence of salt, and at a relative humidity far below the saturation
Table 4
Chemical elements of the surface heterogeneity determined by EDS.
Spectrum C O Na Mg Al P Cl Ca Total
1 8.20 2.43 30.32 1.35 0.92 0.98 55.80 – 100.00
2 8.52 2.56 31.25 1.45 0.95 0.95 54.32 – 100.00
3 2.37 21.88 3.93 35.45 8.15 6.84 14.49 6.89 100.00
Note: “–” means not detected.
Fig. 9. Characteristics of blistering after 680 h of testing. (a) Corrosion morphology under the blister. (b) Same sample at higher SEM magnification. (c)
Cross-sectional morphology of a #2 type blister. (d) EDS results from the corrosion product under blister.
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point of water, a phase containing liquid water can be formed at
the interface. Unfortunately, water-soluble inorganic and
organic salts are almost ubiquitous contaminants at the coating/
substrate interface, either because they are present before the
film application or have migrated there.
Here, simulated contamination is intentionally sprayed on
the substrate. Soluble salts (especially Na2HPO4 and NaCl) at
the coating interface can form a concentrated solution that,
because of decreased water activity, acts to draw water from the
environment through the semi-permeable coating. Early, on the
one hand, adhesion will loss because of water permeation onto
interface, on the other hand compressive stress will gradually
increase from the water intake and cause the paints to bulge.
Stress in the coatings of systems #2 and #4 is detected with
X-ray diffraction during different stages of the environmental
tests. As plotted in Fig. 12, the original coatings are under
tensile stress possibly arising during coating formation. After
16 h, the stress is transformed to compressive stress, most likely
because of water absorption by the coating. After 40 h, the data
from system #2 level off and reach equilibrium when stress
arising from water intake is relieved by blistering. In contrast,
no equilibrium is reached in system #4, and stress continued to
increase up to 672 h. A stress-relieving wrinkle (see Fig. 4a) on
the coating contributes to the inflexion point on the system #4
stress curve.
4.2. Growth of blistering
In a hygrothermal environment, high temperature increases
the solubility of water in organic paints and speeds up its
permeation to the coating/substrate interface [16]. As shown in
Fig. 12, compressive stress can arise from expansion of the
coating during water intake (paint swelling) and/or increased
temperature. Data from the deliberately contaminated samples
suggest that blisters can form over non-adherent locations
because of the release of compressive stress through plastic
deformation of the paints. Thus, the blister is empty in the early
stages of formation, as shown in Fig. 3. Empty blisters are also
found on materials exposed to the accelerated tests and normal
environmental exposures [18]. It has been proposed that visible
blisters form because of pressure induced by accumulation of
aqueous solutions or corrosion products at the interface.
However, this is unlikely because we observed that the blisters
are empty in the early stage of blister formation.
During long-term exposure, water at the coating/substrate
interface gradually increases because of osmotic driving forces.
This provides an environment for corrosion of the Mg-alloy
substrate. Corrosion resistance of Mg alloys depends on many
factors, including metallurgy and the environment [22–24].
AZ91D is a die-cast high-purity Mg alloy with an excellent
salt-spray corrosion performance that is good to relative to that
of steel and aluminum.Additionally, as shown in Fig. 2, AZ91D
contains a large fraction of β-phase Mg17Al12 along the grain
boundaries. That acts as a corrosion barrier surrounding α-Mg,
and thus determines the overall corrosion resistance. However,
Mg alloys dissolve at a very high rate in high chloride ion
concentrations [25]. The following anodic and cathodic reac-
tions taken place in aqueous environments have been reported
[2]:
Fig. 10. FTIR spectrum of the corrosion product formed on the substrate under
a II-B blister.
Fig. 11. Adhesion results for a system #2 sample exposed to the hygrothermal environment for (a) 0 h, (b) 32 h, and (c) 720 h, respectively.
Fig. 12. Stress variation vs. exposure time during the environmental test.
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Anodic reaction Mg Mg e: → ++ −2 2 (1)
Cathodic reaction H O e H OH: 2 2 22 2+ → +− − (2)
Overall reaction Mg H O Mg OH H: + → + ↑( )2 2 2 2 (3)
However, Mg(OH)2 films can also be destroyed by long-term
exposure to chloride ions, resulting in exposure of the magne-
sium alloy to the solution. Furthermore, the following reaction
also occurs, yielding a less soluble product.
2 3 2 42 2 2 3 2Mg OH Cl H O Mg OH Cl H O
+ − −+ + + → ⋅( ) (4)
The corrosion products MgO, Mg(OH)2, and Mg2(OH)3Cl
fill up the blisters. Thus, in growth of blistering, the NaCl plays
a critical role because chloride ion causes the substrate
corrosion.
In fact, the same experimental has been carried out on
rolling AZ31B. Also, a few different organic paints have been
accomplished on die-casting AZ91D, such as epoxy, acrylate,
polyurethane, and so on. The results are almost identical, apart
from size of blistering and corrosion rate and mechanism of
substrate. These results can almost confirm the hypothesis
which this finding is a universal one.
4.3. Blistering model for organic paints on the AZ91D
components
The mechanism of blister formation in organic paints on Mg
alloys is schematically depicted in Fig. 13. In Fig. 13a, con-
tamination is present at the interface between the conversion
coating and the organic coating. Water enters via osmotic pres-
sure. Fig. 13b shows the empty blister at an early stage, where
growth is promoted by compressive stress induced by the
increasing temperature and water absorption. The size of
the blister depends on many factors such as contaminants, the
organic coating, temperature and humidity fluctuations, and
exposure time. Fig. 13c depicts the onset of corrosion under the
film, as the blister volume increases with time. In Fig. 13d, after
long-term exposure to the hygrothermal environment, the
blister develops a micro-hole at the top and is filled with accu-
mulated corrosion products.
5. Conclusion
The effect of artificial human perspiration contamination on
blistering of organic coatings on commercial, die-cast AZ91D
Mg alloy components is investigated. The results reveal that the
blistering occurred only on substrates where contamination is
initially present (system #2), while no blistering is found on
initially clean substrates (systems #1 and #3) during accelerated
hygrothermal tests. At long test times, many blisters form on
system #2 samples, and the blister volume increases. The blis-
tering starts at the organic coating/substrate interface, and is
caused by contamination and/or substrate corrosion. In the
early stages, the blisters are empty. After long-term test expo-
sure, corrosion occurs underneath the coating and the corrosion
products include MgO, Mg(OH)2, and Mg2(OH)3Cl).
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